Abstract-A nonlinear mixed-effects modeling approach was used to model the individual tree height-diameter relationship based on Chapman-Richards function for dahurian larch (Larix gmelinii. Rupr.) plantations in northeastern China. The study involved the estimation of fixed and random parameters, as well as procedures for determining random effects variance-covariance matrices to reduce the number of the parameters in the model. The mixed-effects model provided better model fitting and more precise estimations than the fixed-effects model. Techniques for calibrating the height-diameter model for a particular plot of interest were also explored. The greatest reductions in bias and root mean square error (RMSE) were obtained when comparing the calibration from one randomly selected tree with the calibration from two randomly selected trees. Substantial reductions were obtained with the inclusion of two randomly selected trees, which could reduce the bias and RMSE of the predictions by almost 73% and 63%, respectively. An important characteristic of mixed-effects models is that they permit both mean response prediction and calibrated prediction. The fixedeffects parameters alone can be used to obtain the mean response prediction. More accurate estimates can be obtained by calibration for individual prediction.
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I. INTRODUCTION
Total tree height (H) and diameter at breast height (1.3 m above ground, DBH) outside bark are essential measurements in forest management, and are used for predicting total and merchantable tree volume, estimating site index, and other important variables in forest growth and yield, succession, and carbon budget models, and aiding in the decision of optimal bucking [1] . Since tree heights are relatively more difficult and timeconsuming to obtain, measurement of all sample trees for DBH and a portion of these trees for height is an exceedingly common practice with both permanent and temporary sample plots. Height-diameter models are then used to estimate the heights of trees measured only for diameter.
A number of tree height-diameter models have been developed using DBH as the predictor variable for estimating total height [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, height and diameter data are generally taken from trees growing in plots located in different stands. The height-diameter relationship varies from stand to stand and even within the same stand the relationship is not constant over time [14] . For a particular height, trees that grow in high density stands will have smaller diameters than those growing in less dense stands, because of greater competition among individuals [15] .
Reference [16] included the dominant height in their height-diameter model for Appalachian mixed hardwoods. Reference [17] used quadratic mean diameter and the height of tree quadratic mean diameter to improve model accuracy for lodgepole pine. Reference [18] used diameter distribution percentiles in localizing their height-diameter model for tropical forest trees in China. Reference [19] used stand density (trees/ha and basal area/ha) in developing heightdiameter models for jack pine and black spruce trees. The incorporation of additional predictor variables has a major effect on the predictive ability of the heightdiameter model. However, height-diameter models with these additional variables will limit their applications when additional variables are unavailable for a forest stand.
Recent studies have considered the application of mixed-effects modeling in the development of heightdiameter models [20] [21] [22] [23] [24] [25] . In contrast to traditional regression techniques, mixed-effects models allow fixed and random parameters to be estimated simultaneously, providing consistent estimates of the fixed parameters and their standard errors. Furthermore, the inclusion of random parameters captures more variation among and within stands. Mixed-effects models may also be calibrated to improve predictive ability if the values of the random parameters are predicted through a subsample of trees for height measurement of particular forest stands.
The objectives of this study were to (1) develop height-diameter models for dahurian larch plantations in northeastern China based on nonlinear mixed-effects modeling approach, (2) determine and account for variance-covariance structure within individual, and (3) evaluate the predictability of the mixed-effects model based on the calibration.
II. MATERIALS AND METHODS

A. Data
Data used in this study were obtained from 20 stands of dahurian larch plantations located in Dailing forest bureau in Heilongjiang Province, northeastern China (128°37′E, 46°50′N), with altitude ranged from 200 to 700 meters. The annual average temperature is 1.4 ℃ with the highest temperature of 37℃ and the lowest of 20.4℃ below zero. The frost-free period is around 115 days with annual precipitation about 661 mm. First, a plot of 0.04 ha was established for each stand. In each plot, diameter at breast height (DBH, 1.3m) was measured with a diameter tape and recorded for every living tree to the nearest 0.1 cm. Total tree height was measured with a Hagloff Laser Vertex Hypsometer and recorded to the nearest 0.1 m. Only measurements from standing trees unforked and without stem damages were included in the dataset for model fitting. This resulted in a total of 1225 sample trees for development of relationships between DBH and total height. Then, additional 5 plots of 0.04 ha from the above 20 stands were randomly established, and the total height and DBH of all living trees within the plots were measured for model validation.
The dataset contained both plot-and tree-level information. The plot level information included number of stems (N/ha), total basal area (BA/ha), dominant height (calculated from a sample of dominant and codominant trees with measured heights), and the area of the plot. A total of 25 plots are available for this study with age ranging from 14 to 37 years old. Ranges of these stand characteristics were 6.34-37.07 m 2 for BA/ha, 846-4050 for trees/ha, and 8. 
B. Nonlinear mixed-effects models
After initial screening of some growth models, such as Chapman-Richards, Logistic, Weibull and Compertz, the Chapman-Richards model was selected for the mixed effects analysis due to its accuracy and precision. The form of the mixed Chapman-Richards model is: Model construction According to references [26] and [27] , model construction techniques for mixed-effects model involve the following steps: 1) Specification of the parameters of the model either to be considered mixed (both random and fixed) or purely fixed. 2) Determination of the structure of the amongplot variance-covariance matrix (D). 3) Determination of the within-plot variancecovariance structure (R i ) to account for heteroscedasticity and residual correlation.
Parameter effects
For the construction of a mixed model, the first question that should be addressed is determining which effects should be considered mixed and which should be considered purely fixed. An intuitive approach is to fit height-diameter models to each individual plot, and assess the variability of estimated parameters by considering the individual confidence intervals [28] . The parameters with high variability and less overlap in confidence intervals across plots should be considered as mixed effects. This approach requires sufficient observations on each individual to give meaningful parameter estimates by the individual fits. In our case there are over 40 trees for each plot and thus it is possible to get the confidence intervals of the parameters for each individual fit. 
Variance-covariance structure
The among-plot variance-covariance matrix for the random-effects (D), common to all plots, defines the existing variability among plot. First, we assume that the random effects are independent of each other which make a diagonal random effects variance-covariance matrix to reduce the number of parameters in the model, then different random effects variance-covariance structures (e.g. diagonal and general positive-definite matrices) will be explored to determine whether a correlated variance-covariance structure is needed for random effects.
To specify the within-plot variance-covariance structure (R i ), two components of the heterosedasticity and the autocorrelation structure should be addressed [18] . Since no repeated measurements were included in the database for model building, it was assumed that trees from the same plot did not show any pattern of spatial correlation. Therefore, the autocorrelation was not considered in this study, the expression for the withinplot variance-covariance matrix is then having the following form:
Where is a scaling factor for the error dispersion given by the value of the residual variance of the model, and is a diagonal matrix that specifies within-plot variance, i is the plot number and indicating total number of height-diameter measurements in the plot.
To evaluate model performance, Bias, root mean square error (RMSE), and coefficient of determination ( ) were employed. These evaluation statistics are defined as: 
E. Prediction for new observations
The main purpose of final model involves height prediction for unmeasured trees. An important characteristic, compared to traditional regression, is that mixed-effects models allow for both mean response and calibrated prediction.
If no sub-sample tree heights have been measured for a particular forest stand, the parameters of random effects is not predicted. Thus, the expected value 0 is used for all random parameters. The mean height prediction is obtained using only the fixed parameters estimates, where the mean behavior of the height variation for a certain plot is represented.
A calibrated response requires prior measured subsample height information for a stand. It could significantly increase the accuracy of tree height prediction. If both total height and diameter have been measured for a sub-sample of k trees, the vector of random effects at the plot level can be estimated using this additional information. Calculation is carried out using an approximate Bayes estimator of b k b k [29] :
Where D is the× variance-covariance matrix (q is number of random-effects parameters included in the model) for the among plot variability, is the
is the design matrix for the random components specific to the additional observations, is the difference between the observed height and the predicted height using the fixed effects parameters.
A. Parameter effects
Individual fits approach was first used to determine parameter effect either as mixed or purely fixed. Confidence intervals were obtained on the parameters in Chapman-Richards model showed in eq. (1) based on individual fits using nlsList function in S-Plus. Fig. 1 gives the approximate 95% confidence intervals for three parameters of , , and in eq. (1) for each plot except that plot 6 failed to converge. It was noticed that, for parameters and , the confidence intervals of the nineteen plots showed more among-plot variability. Comparatively, confidence intervals for parameter were consistently clustered around zero with fairly narrow ranges showing little variability from plot to plot. Therefore, parameters and were considered mixed effects and parameter was considered fixed effects. Variance-covariance structure To get the among-plot variance-covariance structure, the Chapman-Richards model with two random parameters was fitted to the data using NLME function in S-Plus. Taking and as mixed effects and as fixed effect, both diagonal (Diag) and general positivedefinite symmetric (Sym) variance-covariance structures were examined for the random effects (D) using Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), and Likelihood ratio test (LRT) ( Scatter plots of Studentized residuals were constructed for mixed-effects and fixed-effects models (Fig. 2) . The Scatter plots showed that the mixed-effects model showed more homogeneous residual variance over the full range of the predicted values and no systematic pattern in the variation of the residuals. It indicated that mixed-effects model significantly improve the model performances compared to fixed-effects model. In this case, the within-plot variance-covariance matrix is the diagonal matrix: Parameter estimates and fit statistics for basic and mixed models are presented in Table 3 . Compared to the basic model, the mixed-effects model showed the better performance with the lower bias, RMSE and higher R 2 . The performance of the mixed model was also visualized by displaying the predicted and observed values in the same plot (Fig. 3) . Both the fixed-effects model with random effects set to zero and mixed-effects model are compared. Height predictions for all plots obtained from the fixed-effects model differ substantially from the actual tree height. The mixed-effects model more closely followed the actual values for most plots and indicated that mixed effects model described the height-diameter relationship well.
C. Height prediction for new observations
Tree heights for new observations can be obtained either by using fixed parameters alone or by adding random parameters calculated from prior observations. Model with fixed-effects and calibrated model with subsample tree height of 1 to eight trees were evaluated ( Table 4 ). The largest values of Bias and RMSE were obtained when applying the fixed-effects parameters without predicting random parameters. The model performance improved significantly after adding random parameters. The predictive ability of any calibrated model is better than that of the fixed-effect model.
The inclusion of one random tree measurement reduced bias and RMSE by almost 42% and 37%, respectively. The greatest reductions in bias and RMSE were obtained when comparing the calibration from one randomly selected tree with the calibration from two random selected trees. Substantial reductions were also obtained with the inclusion of two randomly selected trees reducing the bias and RMSE of the predictions by almost 73% and 63%, respectively. When eight trees were randomly selected for calibration, the reduction in bias and RMSE was 84% and 68% in comparison with fixed-effects model. If more than two trees are randomly selected for calibration purposes, the results are slightly better, although the increase in sampling costs needs to be evaluated. Therefore, in consideration of both sampling costs and reduction of bias and RMSE, calibrating model with two randomly selected trees is considered a good option for height-diameter model of dahurian larch plantations in northeastern China.
D. Model Validation
To demonstrate the predictive ability of the mixed model, model validated was conducted using parameters estimates from ordinary nonlinear least squares (ONLS), fixed effects (FE) and mixed effects (ME) models (Table  5 ). Five plots are available for model validation. Two trees were randomly selected from each plot to predict random-effects parameters in each plot. PROC IML in SAS was implemented to predict random parameters using equation (4) . Calibrated prediction for each tree in each plot was obtained using equation (6) . Bias and RMSE were calculated for each plot (Table 4 ). The results indicated that the mixed-effects model provided better height predictions than the models using only fixed-effects parameters and the parameters from ONLS for all plots. The model with the estimated parameters from ONLS performed better than that with FE parameters except for plot 3. Overall, ME model compared to FE model reduced the bias and RMSE up to 36% and 60%, respectively.
IV. DISCUSSION AND CONCLUSIONS
In this study, a nonlinear mixed-effects heightdiameter model was developed for dahurian larch in northeastern China. Nonlinear mixed-effects modeling techniques were used to estimate fixed and randomeffect parameters for Chapman-Richards height-diameter model. The results showed that the Chapman-Richards model with two random parameters was found to be the best in terms of goodness-of-fit criteria. The mixedeffects model provided better model fitting and more precise estimations than the fixed-effects model. The fixed-effects parameters alone can be used to obtain the mean height-diameter curve for dahurian larch plantation based on all trees sampled from the population of plantation in Dailing forest bureau. The random parameters for a stand of interest could be predicted with an approximate Bayes estimator of b k using the height and diameter measurements from that stand together with estimates of the fixed-effects parameters, the residual variance, and the estimated variance-covariance matrix for the random-effects parameters. Validation confirmed that the use of random parameters considerably increased the predictive capability of the model. Therefore, a calibrated prediction is recommended rather than a mean response prediction.
The mixed-effects model was tested using a sample plot with the different number of randomly selected sample trees. Both the bias and RMSE are lower in the random parameter model, and both of them decrease with the number of sample trees used for calibration purposes. Height measurements from two random selected trees significantly improve the height-diameter mixed model. This result is similar to that obtained by references [21] , [27] , and [30] for stone pine, radiata pine, and pyrenean oak, respectively. Reference [21] proposed that four trees randomly selected should be considered a good option for predicting random parameters. Reference [27] suggested that the prior height measurements should be for three trees and reference [30] found the heights of two trees per plot to be adequate.
The developed models can be implemented in forest inventories by measurement of two tree heights per plot. The process of calibration apparently accounted indirectly for effects of stand density on the heightdiameter relationship. The estimate of random-effects parameters makes the inclusion of additional predictor variables in the model unnecessary for many forest inventory applications that consider measurement of subsample trees. In addition, the use of the mixed-effects model through a sub-sample of trees for height measurement allows maintenance of a simple model structure without including additional predictor variables. It should be recognized that the data used in this study were collected from a narrow geographic range, severely restricting the use of the model. Thus, caution should be used when extrapolating beyond the natural range of the data on which the model is based. 
